We created in situ femoral vein thrombi in swine to investigate the response of the latex d-dimer signal to acute in situ venous thrombosis, and to determine the minimum dose of exogenous bolus tissue plasminogen activator (t-PA) required to significantly elevate the d-dimer signal. Study design: We studied seven swine (20 to 22 kg) under pentobarbital anesthesia. A 6-cm segment of the proximal femoral vein was surgically exposed and briefly ligated. Thrombin, 250 U, was then injected into the isolated femoral vein segment to create an in situ clot. After clot formation was documented to be complete between the ligatures, they were then released. D-dimer levels were then measured every 15 min for 1 h before and 1 h after clot formation with ligatures released. Time-response curves to establish timing of peak t-PA effect were performed, and then escalating dose-response curves of d-dimer level to minidose t-PA were plotted. 
V
enous thromboembolism is manifested by deep vein thrombosis and pulmonary embolism. It is a significant cause of mortality and morbidity, especially in hospitalized patients. There are 250,000 hospitalizations and 200,000 deaths per year in the United States secondary to pulmonary embolism, of which deep vein thrombosis is the primary cause. 1 It is also known that approximately 10% of in-hospital deaths are secondary to venous thromboembolism, which are potentially preventable. 2 Clinical evaluation frequently fails to identify the diagnosis ante-mortem, and postmortem studies of venous thromboembolism have routinely found that the majority of cases with fatal severe thromboembolism have not been diagnosed antemortem. 2 It is in this setting that many efforts have been directed at developing a more effective algorithm for promptly diagnosing thromboembolic disease and allowing treatment to be efficiently prescribed. One such attempt is the plasma d-dimer assay, which constitutes an antigenantibody reaction to the dimeric final degradation product of a mature clot. [3] [4] [5] [6] These tests have been classified as latex and enzyme-linked immunosorbent assay (ELISA). The latex test has the advantage of rapid availability and is applicable to single samples in individuals. 6 The ELISA test generally requires batching of samples. 6 Several studies have shown a high sensitivity for pulmonary embolism using the latex d-dimer test. 6, 7 The sensitivity of this test for lower-limb deep vein thrombosis is less than that for pulmonary embolism, with sensitivities of 83% and 92%, respectively. 7 This is obviously inadequate for use as a single screening tool in the evaluation of patients suspected of having deep vein thrombosis. Another problem of the latex test is its low specificity, approximately 68% for deep vein thrombosis and 54% for pulmonary embolism. 7 We hypothesized that mechanical breakdown of a clot in the central circulation allows easier access of endogenous thrombolysis to the clot migrating from the legs. We postulated that an in situ clot formed in the legs, blocking off a venous channel completely, would not allow enough contact between the clot and the circulation to mount significant endogenous thrombolysis. We hence developed a protocol to assess the dose-response relationship between exogenous minidose t-PA (Activase; Genentech; South San Fransisco, CA) and the latex d-dimer signal (IL-Test D-dimer; Instrumentation Laboratory; Lexington, MA) in in situ lower-limb thrombus. There is a suggestion in the literature 8, 9 that deep vein thrombosis can occur without elevation of d-dimer levels, and this may be due to low endogenous t-PA activity in the deep leg veins of elderly and asymptomatic patients. With insufficient clot dissolution, there is an inability to elevate plasma d-dimer signal above background noise. 8, 9 Hypothesis A peripheral "sequestered" clot in the lower limbs has a very low endogenous thrombolysis rate, resulting in the inability to elevate d-dimer levels above the normal reference range. These levels can subsequently be amplified by exogenous t-PA bolus injections.
Purpose
The purpose of the study was twofold, as follows: (1) to measure d-dimer levels over time after creation of an in situ femoral vein clot, to assess whether or not increases in d-dimer signal will occur after formation of the clot in swine; and (2) to determine the dose-response relationship to a minidose, exogenous t-PA bolus on d-dimer levels after acute, in situ femoral vein clot formation in swine.
Materials and Methods
Seven swine weighing 20 to 22 kg each were sedated IM with a combination of tiletamine hydrochloride and zolazepam, 6.25 mg/kg, and xylazine, 4.5 mg/kg. Once sedated, an ear lobe marginal vein was cannulated for induction of anesthesia. Anesthesia was maintained with pentobarbital sodium, 25 mg/kg. Negative eye-blink reflex served as a marker of adequate anesthesia. Once this was achieved, intubation and mechanical ventilation under continuous pulse oximetry and ECG monitoring followed. Two initial blood samples for baseline plasma d-dimer levels were obtained 15 min apart before instrumentation of the swine. Next, an indwelling central venous catheter was placed in the right internal jugular vein and two more postinstrumentation blood samples were obtained 15 min apart. This line was used for subsequent blood sampling and administration of t-PA boluses. After central cannulation was achieved, dissection of the femoral vein was performed, involving meticulous ligation of posterior penetrating branches draining into the main femoral vein. A 6-cm length of vein was exposed and isolated, and ligatures were placed at the proximal and distal ends of the segment of exposed vein (Fig 1) .
Local thrombosis was then induced by injection of approximately 250 U thrombin using a 25-gauge needle. In Ͻ 5 min, the presence of a clot was confirmed by development of a rubbery consistency to gentle palpation of the entire segment of vein between the tightened ligatures. At this point, both the proximal and distal ligatures were released, and serial d-dimer measurements (Fig 2, 3) were performed.
D-dimer Sampling
We obtained four preclot samples, four postclot samples to asses clot stability without t-PA, and four to eight samples were obtained after t-PA administration. The initial four preclot d-dimer samples included two preinstrumentation and two postinstrumentation samples. All sampling was performed in triplicate by continuous venous aspiration after discarding the initial 2 mL of blood in contact with the internal jugular catheter. An average of all three readings was taken as a d-dimer level, provided no reading was Ͼ 10% from the other readings. In such cases, the Ͼ 10% outlier was discarded. This occurred in Ͻ 5% of blood samples drawn.
Time-Response Sampling
Two swine were utilized in this portion of the study to determine the time-response characteristics of t-PA bolus in the presence of an in situ clot. After 4 mg of IV t-PA, samples were obtained at 15-min intervals and analyzed (Fig 2) .
Dose-Response Sampling
Once we established the optimal timing of t-PA effect, we proceeded to develop dose-response curves using five swine www.chestjournal.org CHEST / 127 / 2 / FEBRUARY, 2005 (Fig 3) . Four preclot d-dimer samples were obtained. A femoral vein clot was created in situ, and plasma d-dimer levels were measured every 15 min for 1 h to assess clot stability prior to IV t-PA administration. The d-dimer signal was then checked in triplicate 30 min after each escalating dose of t-PA; again, outliers were discarded as noted above.
Statistical Analysis
Analysis of variance was performed to assess for differences in D-dimer levels at baseline, after clot formation without t-PA, and after t-PA boluses. When significant differences were established, paired t tests were performed between baseline vs clot without t-PA and after each incremental dose of t-PA. Significance was established at ␣ ϭ 0.05 level (p Ͻ 0.05).
Results
Prior to administration of the t-PA bolus, baseline plasma d-dimer levels for preinstrumentation and postinstrumentation samples were stable (Fig 4, left,  A) . After the clot was formed in situ and the ligatures were released, no significant changes in plasma d-dimer levels were observed for 60 min (Fig 4,  right, B) . Time-response curves for the d-dimer signal in two swine are shown in Figures 5 and 6 . Both pigs showed a maximal response at 30 min. Thus, we chose 30 min after IV t-PA bolus as the sampling time in the escalating dose-response stage of the study (Fig 3) . Figure 8 .
Discussion
There are three major findings of our study. The first is that there is no significant change in the plasma d-dimer signal over preinstrumentation and postinstrumentation baseline levels and during the first 60-min postclot formation (Fig 4) . We attribute this to careful instrumentation technique, which avoided excessive tissue injury.
We cannot be certain that the clot totally occluded the femoral vein in each swine, since we did not check for patency after clot formation. However, the rubbery consistency of the clot suggested complete vessel occlusion. The striking consistency of the data over the 15-min interval prior to and after clot formation in all seven swine confirms the reliability of this finding, that acute in situ femoral clot does not elevate d-dimer signal.
One can only speculate if such a situation also occurs in human disease. Preliminary data suggest that this may be so in elderly and asymptomatic patients who appear to have lower endogenous t-PA levels. 7, 8 In these circumstances, a d-dimer test result would not be expected to be positive, since the test requires not only mature clot formation with fibrin cross-stranding but also clot breakdown to its dimeric forms, which is the basis of the antigenantibody reaction measured. 9 In these instances, neither latex nor ELISA tests would be of value unless enough clot breakdown occurs to elevate the signal above background noise. If this is proven to be the situation for clot formation in the lower limbs in some humans, then the role of exogenous low-dose thrombolytics in amplifying the d-dimer signal would be crucial in making any d-dimer test (ELISA or latex) more sensitive.
Further, postoperative orthopedic patients have been shown to have low sensitivity of the latex d-dimer test for postoperative deep vein thrombosis. 10, 11 These patients also have even fewer clinical symptoms of deep vein thrombosis. We believe this group might benefit from the "provoked d-dimer" assessment as well.
The second finding of our study shows that peak effect of bolus t-PA administration occurs by 30 min (Fig 4, 5) . This is an acutely formed, lower-limb, deep vein thrombosis model, which would be expected to respond earlier and more promptly to exogenous t-PA bolus injection than a more chronic, and hence more organized, clot. The latter may relate to the clinical situation in which humans may present at varying times after clot formation. As such, the time-response assessment may be different in the overall human clinical population with suspected deep vein thrombosis. In any event, our study suggests that a wait of at least 30 min after t-PA bolus is required to detect the increase in d-dimer signal. Of course, more fibrin-specific thrombolytic agents such as tenecteplase may have an advantage over t-PA in this regard. Such differences, however, are entirely speculative at this point in time, until appropriate relevant studies are performed.
The third finding of our study is that a graded increase in d-dimer signal can be achieved with a minidose exogenous t-PA bolus after in situ clot formation (Fig 6, 7) . In swine, at least 0.8 mg of t-PA is required to achieve a significant response in latex d-dimer signal. 12 Similarly, combining the d-dimer test with an indeterminate lung scan increases the positive predictive value for venous thromboembolism significantly. 13 Enhancing clot breakdown in cases where a clot has formed and insufficiently broken down may improve the clinical utility of the plasma d-dimer estimation in diagnosing thromboembolic disease.
Limitations of the Study
It is important to point out certain limitations of the current study. Our time-response measurements were made only in two swine. It is unlikely, however, in this acute in situ clot preparation that performing further time-response studies would have altered the findings of our study, as the goal was simply to establish a consistent sampling interval at a time which approximated to the peak t-PA effect on plasma d-dimer signal. An inappropriate choice of timing for d-dimer testing after t-PA bolus administration could have resulted in a false-negative result, which did not occur in our experiment. However, greater effort at time-response characterization needs to be performed in the clinical human populations presenting with suspected deep vein thrombosis.
Theoretically, doses of t-PA used to create a dose-response curve should have been randomized. This would, however, compromise the preparation by prolonging the experiment and/or the number of animals needed to obtain useful results. In the individual response curves (Fig 6) , one can see complete congruence of the findings with progressively increasing d-dimer signal with each incremental dose of t-PA. For this reason, this is perhaps not a limitation but rather efficient use of laboratory animals to achieve an interpretable result using the smallest number of animals. Another limitation is the lack of overall time controls, such as following up animals without t-PA and without a clot for the duration of our experimental protocol to ensure that no time-related changes in d-dimer signal levels would occur. As this is an acute intervention study, we believed that the two 1-h periods before and after clot formation were adequate to establish clot stability (Fig 4) . Similarly, with the intervention of exogenous t-PA, we had no "no-clot" controls with ani- mals that had no clots induced but received t-PA. We chose not to perform no-clot controls, as we reasoned that if exogenous t-PA elevated the d-dimer signal in a no-clot animal, the most obvious cause would be break down of other sequestered clot in this acutely surgically instrumented animal. Such no-clot responses would not contribute to experimental clarity unless a reliable method for whole animal clot surveillance was available. This was not the case; hence, we did not perform these readings. Whether this limitation would have altered the interpretation of these very consistent and congruent findings in individual animals is unknown.
Conclusion
Acute, in situ femoral vein thrombosis is not associated with any increase in plasma d-dimer signal using a latex assay for 1 h after clot formation. In this acute, in situ clot preparation, exogenous minidose t-PA bolus increased d-dimer signal maximally at 30 min after bolus. A graded increase in d-dimer signal in swine with in situ femoral vein thrombus was seen starting at 0.03-mg bolus of t-PA and increasing with fivefold increments up to 4 mg. This becomes statistically significant at doses of 0.8 mg and 4 mg IV t-PA bolus (p Ͻ 0.03 and p Ͻ 0.003, respectively). Implications for this provoked d-dimer signal in assessment of humans with suspected deep vein thrombosis have been discussed.
